Results of an SiO maser survey for the late-type stars selected by the IRTS (Infrared Telescope in Space) are presented. We have detected SiO J = 1 − 0, v = 1 and/or v = 2 lines in 27 stars out of 59 stars.
Introduction
One of the characteristics of the red giant stars is the possession of the atmosphere more extended than the hydrostatic case. Several kinds of molecules are formed in the extended atmosphere. Dust grains are also formed in the outermost region of the extended atmosphere, and consequently, the mass loss is accelerated by the radiation pressure on the dust grains. The extended atmosphere is thought to be generated by large pulsations of the stars. Woitke et al. (1999) showed theoretically that pulsation affects the density structure of the molecules, especially poly-atomic molecules. However, poly-atomic molecules, such as H 2 O, CO 2 , and SO 2 , are difficult to observe from the ground because of the interference by the terrestrial atmosphere. Recent observations based on satellite missions allowed investigations of the properties of these molecules in the extended atmosphere (Tsuji et al. 1997; Justtanont et al. 1998; Ryde et al. 1999; Yamamura et al. 1999a, b) . Tsuji et al. (1997) found that a layer of molecules, which the authors called a "warm molecular envelope", is also present in non-Mira variables, i.e., irregular and semi-regular variables. Pulsations of these stars are rather weak and thus it is under discussion at present if the pulsation is still responsible for the formation of the molecular layer even in non-Mira variables. Hereafter, we denote the extended atmosphere or the warm molecular envelope as an "outer atmosphere", which is the region located above the photosphere, but below the circumstellar envelope (see also Yamamura and de Jong 2000) . Matsuura et al. (1999; hereafter Paper I) have studied the water vapor absorption band at 1.9 µm based on the spectro-photometric data obtained by the Near-Infrared Spectrometer (NIRS; Noda et al. 1996) on board the Infrared Telescope in Space (IRTS; Murakami et al. 1996) . The NIRS observed water vapor absorption in a large sample of stars. In the near infrared region, the water vapor is a dominant absorber in red-giants. The water vapor absorption bands are thought to arise mainly from the outer atmosphere of these stars. The strength of the water No. ] Infrared Properties of SiO Maser Sources in Late-Type Stars 3 vapor absorption increases with the 2.2 and 12 µm color, C 12/2.2 . This color is an indicator of the amount of dust in the inner part of the circumstellar shell. In Paper I, we suggested that the depth of the water vapor absorption represents the amount of matter in the outer atmosphere, indicating the close relation between the density of the outer atmosphere and the mass-loss rate.
SiO masers have been detected in many oxygen-rich red-giants and red-supergiants. SiO molecules are condensed into dust in the region with the temperature around ∼ 1000 K. SiO masers are thought to be excited in the region below the dust forming region (Nyman and Olofsson 1986) , or in the outer atmosphere. VLBI observations detect SiO maser spots at 1-4 stellar radii from the central stars (Miyoshi et al. 1994; Diamond et al. 1994) . The detection of these spots supports the idea proposed by Langer and Watson (1984) that the infalling wind makes inhomogeneous structures and strong SiO maser emission comes from high-density clumps. However, it is difficult to derive properties of the outer atmosphere quantitatively only from the observations of the SiO masers and to understand the circumstances for the excitation of SiO masers. Two pumping mechanisms have been proposed so far for the excitation of SiO masers; radiative pumping (e.g. Kwan and Scoville 1974; Deguchi and Iguchi 1976; Bujarrabal 1994a, b) and collisional pumping (e.g. Elitzur 1980; Doel et al. 1995) . At present it is still not settled which mechanism is dominant in late-type stars.
The near-and mid-infrared observations by the IRTS provide useful information on the outer atmosphere. It is worthwhile comparing the SiO maser properties with the parameters derived from near-and mid-infrared observations by the IRTS. Previous SiO maser surveys (e.g. Allen et al. 1989; Izumiura et al. 1994) were mostly based on the IRAS Point Source Catalog (IRAS-PSC; Joint IRAS Working Group 1988). The SiO detected sources and nondetected sources are uniformly scattered in the regions of oxygen-rich stars, and are not clearly separated on the IRAS color-color diagram (Haikala 1990) . The SiO maser is much more frequently detected in Mira variables than in other variable types. Only a few semi-regular and irregular variables exhibit the SiO maser activity. The non-Mira SiO maser sources usually have a visual amplitude larger than 2.5 mag (Alcolea et al. 1990) , which is comparable to Mira variables. Thus it is suggested that SiO maser excitation is related to the stellar pulsation because stars with a larger visual amplitude are expected to have stronger pulsation. Alcolea et al. (1990) suggested that fewer detections of the SiO maser in semi-regular variables indicates less developed outer atmosphere in these stars because the pulsation of semi-regulars is weaker than that of Miras.
In this paper, we report the results of an SiO maser survey in a sample of the IRTS point sources. The IRTS 4 M. Matsuura et al. [Vol. , provided a large number of stellar spectra in near-and mid-infrared regions, unaffected by the terrestrial atmosphere.
The infrared colors and the strength of the water absorption are compared with the SiO maser intensity. We will discuss the conditions for the excitation of the SiO masers.
Observations
We made observations of the SiO masers with the 45-m telescope at Nobeyama Radio Observatory from May 20 to 25, and from June 10 to 12, 1998 . We simultaneously observed three SiO maser lines, J = 1−0, v = 1 (43.1220 GHz), (42.8205 GHz) , and J = 2 − 1, v = 1 (86.2434 GHz). Two cooled SIS receivers (S40 for 43 GHz, and S100 for 86 GHz) were used with acousto-optical spectrometers (AOS's). Each AOS covers 40 MHz with a resolution of 37 kHz. The velocity coverage is about ±140 km s −1 for the J = 1 − 0 lines, and about ±70 km s −1 for the J = 2 − 1 line, respectively. The overall system temperature at 43 GHz was typically 150-250 K with the worst case of 900K, depending on the weather and the telescope elevation. The J = 2 − 1 line was observed only when the conditions were appropriate, and the overall system temperature ranged between 300 and 450 K. The half-power beam width of the telescope is 40 arcsec at 43 GHz and 18 arcsec at 86 GHz, respectively. Conversion factors from antenna temperature (T * a in K) to flux density (Jy) are 2.0 Jy K −1 at 43 GHz, and 2.6 Jy K −1 at 86 GHz.
The target stars were selected from a preliminary list of the IRTS point sources, whose spectra were obtained by both the Mid-Infrared Spectrometer (MIRS; Roellig et al. 1996) , and the NIRS. The selection criteria are : (1) The flux is approximately larger than 10 Jy at 10 µm and larger than 1 Jy at 2.2 µm. To get a wide coverage of different infrared colors and water indices, we also include some stars with flux below 10 Jy at 10 µm; (2) The spectrum shows the characteristics of an oxygen-rich star (c.f. Yamamura et al. 1997) . Carbon-rich stars and S-type stars in the catalogues (Stephenson 1984 (Stephenson , 1989 ) are excluded; (3) The star has an identification in the IRAS-PSC. In the present study, we include some stars near the galactic plane, which were not included in Paper I. The positions of the stars are taken from the IRAS-PSC, the General Catalogues of Variable Stars (GCVS; Kholopov et al. 1988 and C 12/2.2 , and the water index I H2O in table 1 and 2 are defined by:
and
where F 2.2 , F 1.7 , F 1.9 are the IRTS/NIRS flux densities in units of Jy at the 2.2, 1.7 and 1.9 µm channels, respectively.
F cont is the continuum flux level at 1.9 µm, which is calculated by linear interpolation between F 1.7 and F 2.2 . compared to the line-widths less than 10 km s −1 for other stars.
Detection Rate of the SiO Masers and the Infrared Properties

IRAS color-color diagram
The distribution of our sample on the IRAS color-color diagram is shown in figure 2 . All the sampled stars have good IRAS flux quality at 12 and 25 µm. Four stars with low quality at the 60 µm band are not plotted in figure 2.
The division on the color-color diagram is taken from van der Veen and Habing (1988) . The sampled stars are mostly distributed in region II and IIIa, which are the regions for oxygen-rich AGB stars with a low mass-loss rate of the order of 10 −7 M • ⊙ yr −1 (van der Veen and Habing 1988) . Several stars are located in region VII, which is [Vol. , the region for carbon stars. However, the near-infrared spectra confirm their oxygen-rich nature. 'Detection' in figure 2 indicates either with a high probability in Mira variables, while they are hardly detected in SRs and Lbs.
The Relation between SiO Maser Intensity and Infrared Parameters
No. ]
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Near-and mid-infrared color
The infrared color K − [12] is considered as an indicator of mass-loss rate for Mira variables (Whitelock et al. 1994; Le Sidaner and Le Bertre 1996) . We use C 12/2.2 instead of K − [12] , because the F 2.2 band represents the continuum level in K. The relation between the SiO maser intensity and the C 12/2.2 is shown in figure 4 . We plot the SiO maser intensity divided by F 2.2 . We implicitly assume that the intrinsic 2.2 µm band luminosities of the sample stars are similar, and that the extinction by circumstellar dust is small in the 2.2 µm band, except for a few extremely red stars. In figure 4 , the SiO maser intensity seems to correlate with C 12/2.2 in the color range C 12/2.2 < 0.5. Thus
SiO maser intensity increases with mass-loss rate. The color C 12/2.2 = +0.5 corresponds to a dust mass-loss rate of
Here we use the equations in Le Le Bertre (1993, 1996) and the zero magnitude flux of F 2.2 is equal to 625 Jy (Cohen 1997) . We assume the inner radius of the dust shell of 2.5 × 10 14 cm and the expanding velocity of 10 km s −1 . Nyman and Olofsson (1986) suggested that the SiO maser intensity does not correlate with mass-loss rate. They use a mass-loss rate calculated from CO J = 1 − 0 thermal emission. The CO emission is usually dominated by the molecules in the outer region of the circumstellar envelope and it represents a mass-loss rate averaged over the past thousands years. On the other hand, K − [12] or C 12/2.2 represents emission from hot dust in the inner envelope and thus these colors indicate a recent mass-loss rate of the star. Since SiO masers are thought to be excited just below the dust forming region, it is likely that the SiO maser intensity correlates better with C 12/2.2 than the CO emission.
Water index
The SiO maser intensity is shown as a function of I H2O in figure 5 . In general, the SiO maser intensity among the detected stars increases with I H2O , but the scatter is large. The large scatter might come from the time variation of the water absorption and the SiO maser intensity. In Mira variables, the water absorption depth changes from phase to phase (Hyland 1974) , and the column density of water changes by a factor of 10 (Hinkle and Barnes 1979).
The SiO maser intensity also varies by up to a factor of 10 (Nyman and Olofsson 1986; Alcolea et al. 1999 ). The variabilities in both quantities might obscure the relation between the water index and the SiO maser intensity. [Vol. ,
Discussion
Figures 3 and 5 indicate that the sources showing the SiO maser lines have I H2O larger than ∼ 0.1 and they are mostly Mira variables. Since the water index, I H2O , roughly indicates the column density of water molecules in the outer atmosphere, it is suggested that water column density is systematically different between the SiO maser detected stars and non-detected stars, and also between Miras and non-Miras. The SiO maser is known to be detected quite often in Mira variables, while it is hardly detected in non-Miras (see Habing 1996) . Alcolea et al. (1990) interpreted it in terms of the idea that the outer atmosphere is more 'developed' in Miras than in non-Miras.
Miras have stronger pulsation than non-Miras. Stronger pulsation will lift up more matter from the photosphere into the outer atmosphere, leading to the higher density and thus higher column density of the molecules. Our results of the relation with I H2O indicate that the high detection rate of the SiO maser in Miras is related to the high column density in the outer atmosphere.
The column densities of water molecules have been measured for several stars. In table 6, we summarize the results of near-infrared observations of the H 2 O bands reported in Paper I and other literatures. In Paper I we estimated the column density (N ) and the excitation temperature (T ex ) of the water molecules in two early M-type stars, AK Cap and V Hor. The water spectra of these stars were fitted by synthesized spectra using a plane-parallel model. We apply the same method for SAO 163310 (M3) and the results are indicated in table 6. The column densities of these stars are as uncertain as one order of the magnitude due to the low spectral resolution of the IRTS/NIRS (λ/∆λ ≈ 15). These three early M-type stars show relatively strong H 2 O absorption bands among the stars with similar spectral types (Paper I). Therefore, the resultant column densities are rather high compared to the other stars of similar types. Hinkle and Barnes (1979) and Yamamura et al. (1999b) interpreted the observations of the water bands in the Mira variables in terms of two molecular layers. We list the parameters of both layers in table 6. Hinkle and Barnes (1979) analyzed high-resolution spectra (λ/∆λ = a few tens of thousands) of the Mira variable, R Leo, at K and H bands, and found two radial velocity components of water lines. One component has an excitation temperature of 1750 K and the other component about 1150 K. Yamamura et al. (1999b) absorption feature between 2.5 and 3.5 µm. In the case of Z Cas, the hot layer is located around 1 R ⋆ and both hot and cool layers contribute to absorption. Hinkle and Barnes (1979) mention that the 1750 K layer is located near the photosphere. This layer may be identical to the 2000 K layer at 1-2 R ⋆ in Yamamura et al. (1999b) . The cool layer with T ex = 1200-1400 K of Miras in Yamamura et al. (1999b) is as large as 2 R ⋆ or larger. Tsuji et al. (1997) also showed that the layer with an excitation temperature of about 1000 K is located at ∼ 2 R ⋆ in irregular and semi-regular variables. We note that according to the 'slab' model, when the water layer with T ex = 1500 K is extended to 3 R ⋆ , or the layer with T ex = 1000 K to 5 R ⋆ , the water spectra should be observed in emission around 2.7 µm, which is not the case for the present sample. We suppose that the layers with temperatures between 1000
and 1500 K in the stars in table 6 lie around 2 R ⋆ . than one order of magnitude among the stars. It is difficult to extend the water layer with the excitation temperature above 1000 K in such a large scale as discussed above. Thus, the large difference in the water column density should be attributed to the difference in the water density in the stars. The density of the hydrogen molecules in the outer atmosphere can be estimated by dividing the water column densities by H 2 O abundance and the thickness of the layer. Analysis based on the spherical model should be required to make more accurate estimate, but in this paper we use the numbers derived from a slab model for a rough estimate. The density is probably inhomogeneous in the outer atmosphere and the SiO maser might be excited in the clumps with high-density in the outer atmosphere as suggested by Langer and Watson (1984) . We try to estimate a lower limit of the density. The H 2 O abundance ratio calculated with thermal equilibrium is in the order of 10 −4 (Tsuji 1964) . It depends on the abundance in the atmosphere. As representative value, we adopt relatively large H 2 O abundance of Barlow et al. (1996) , H 2 O/H 2 = 8 × 10 −4 . We assume that the size of the H 2 O layer is 1 R ⋆ in line of sight, based on the estimated location of the water layer of 1000-1500 K at ∼ 2 R ⋆ . The stellar radius R ⋆ is between 3 × 10 13 and 5 × 10 13 cm in Mira variables (Tuthill et al. 1993; Tuthill et al. 1994) , and is estimated as 3 × 10 13 cm for a semi-regular variable using Tuthill, Haniff and Baldwin (1999) and Hipparcos and Tycho Catalogues (1997) . We adopt 5 × 10 13 cm for the stellar radius.
With these values we obtain 10 9 -10 10 cm −3 for a lower limit of the molecular hydrogen density corresponding to the water column density of 3 × 10 19 -3 × 10 20 cm −2 .
The estimated number of n(H 2 ) = 10 9 -10 10 cm −3 is roughly in agreement with the hydrogen density where 10 M. Matsuura et al.
[Vol. , recent theoretical works predict that the maser intensity increases drastically (Bujarrabal 1994a; Doel et al. 1995) . Bujarrabal (1994a) showed that the SiO maser intensity increases by four orders of magnitudes at the hydrogen densities of n(H 2 ) ∼ 10 8 -10 9 cm −3 . Doel et al. (1995) also showed that the maser gain coefficient (gain per unit amplification path length) increases steeply at n(H 2 ) ∼ 5 × 10 9 cm −3 . Therefore, the probability of the SiO maser detection may be prescribed by the critical density of about 10 9 -10 10 cm −3 . However, the critical density at the 'spots' where the SiO maser is excited may be even higher if the maser is excited in high-density clumps (Langer and Watson 1984) . Figure 4 shows the correlation between C 12/2.2 and the SiO maser intensity, which implies the relation between the density and the excitation of the SiO masers. C 12/2.2 is a measure of the dust mass-loss rate in the innermost region of the circumstellar envelope. The mass-loss rate in this region is expected to increase with the density in the outer atmosphere. Therefore, the correlation between C 12/2.2 and SiO maser intensity also implies that the maser excitation is related to the density in the outer atmosphere.
Apart from the density, there might be other possibilities which affect the amplification of the SiO masers and lead to the dependence of detection rate on the variable types. For example, Hinkle, Lebzelter and Scharlach (1997) show that the amplitude of velocity variation depends on the amplitude of visual magnitudes. The velocity structure might vary depending on the strength of pulsation, which could result in the coherent path length for maser amplification.
Further observational studies in the infrared region with high resolution observations are required to investigate the effects of velocity structure on the maser excitation.
Summary
The IRTS provided a large number of stellar spectra without the interference from the terrestrial atmosphere.
These data enable us a systematic study of the relation between the SiO maser excitation and the conditions of the outer atmosphere. The IRTS measured the water index I H2O in red giants, which is an indicator of the water column density in the outer atmosphere. In 59 stars selected from the objects observed by the IRTS, the SiO maser lines were detected in 27 stars. Stars with deep water absorption (I H2O larger than ∼ 0.1) mostly show the SiO maser lines, and they are mostly Mira variables among those with known spectral type. The SiO maser intensity is found to increase with the color C 12/2.2 and I H2O .
Stars with I H2O larger than ∼ 0.1 mostly show SiO masers, and the stars with SiO maser activity have the water A lower limit of the molecular hydrogen density corresponding to the water column density is estimated as 10 9 -10 10 cm −3 . This number is roughly comparable with the critical gas density predicted by the models, where the SiO masers are excited (Bujarrabal 1994a; Doel et al. 1995) . If the SiO masers are excited in high-density clumps (Langer and Watson 1984) , the critical density would be even higher than the values we derived here.
The color C 12/2.2 well-correlates with the SiO maser intensities. C 12/2.2 is probably influenced by the density of the outer atmosphere. The relation C 12/2.2 with the SiO masers also suggests that the density of the outer atmosphere is one of the key parameters in the SiO maser excitation.
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IRAS name Date
J = 1 − 0, v = 1 J = 1 − 0, v = 2 J = 2 − 1, v = 1 rms VLSR T * a S *J = 1 − 0, v = 1 J = 1 − 0, v = 2 J = 2 − 1, v = 1
J = 1 − 0, v = 2 J = 1 − 0, v = 1 J = 2 − 1, v = 1Name Type N (H 2 O) cm −2 Tex(H 2 O) K SiO Masers d (pc) ref. J=1-0 J=1-0 J=2-1 v = 1 v = 2 v = 1 AK Cap . . . .
